It is widely accepted that the redox status of protein thiols is of central importance to protein structure and folding and that glutathione is an important low-molecular-mass redox regulator. However, the total cellular pools of thiols and disulfides and their relative abundance have never been determined. In this study, we have assembled a global picture of the cellular thiol-disulfide status in cultured mammalian cells. We have quantified the absolute levels of protein thiols, protein disulfides, and glutathionylated protein (PSSG) in all cellular protein, including membrane proteins. These data were combined with quantification of reduced and oxidized glutathione in the same cells. Of the total protein cysteines, 6% and 9.6% are engaged in disulfide bond formation in HEK and HeLa cells, respectively. Furthermore, the steady-state level of PSSG is <0.1% of the total protein cysteines in both cell types. However, when cells are exposed to a sublethal dose of the thiol-specific oxidant diamide, PSSG levels increase to >15% of all protein cysteine. Glutathione is typically characterized as the ''cellular redox buffer''; nevertheless, our data show that protein thiols represent a larger active redox pool than glutathione. Accordingly, protein thiols are likely to be directly involved in the cellular defense against oxidative stress.
B
ecause of the thiol group (SH), cysteine is the most chemically reactive natural amino acid found in cells. SH is mainly found in proteins (PSH) and in low-molecular-mass metabolites such as the highly abundant glutathione (GSH). Two SH groups can be oxidized to form a disulfide bond, and, in the cell, disulfides are mainly found in proteins (PSSP), in glutathione disulfide (GSSG), or as mixed disulfides between protein and glutathione (PSSG). In addition, SH groups can be reversibly oxidized by reactive oxygen species to nitrosothiols or sulfenic acids. Higher oxidation states, such as sulfinic and sulfonic acids, are generally considered to be irreversible.
Disulfides are important for protein structure and folding, and formation of disulfide bonds can regulate protein function (1) . Furthermore, glutathionylation, here used to denote the formation of PSSG, has been implicated as a mechanism for protection against irreversible protein oxidation during oxidative stress (2) .
The cytosolic glutathione pool is highly reducing (3) and consequently, disulfide bond formation is infrequent and typically only takes place transiently during catalysis of redox processes. In contrast, disulfide bond formation is favored in other compartments of the cell, such as the endoplasmic reticulum (ER) and the intermembrane space of mitochondria (4) . The overall distribution of thiols and disulfides in different cellular pools defines the global thiol-disulfide redox status of the cell. Maintenance of thioldisulfide redox homeostasis in different subcellular compartments is important, and failure to do so can be detrimental to the structure, stability and activity of various proteins, including enzymes, chaperones, and transcription factors.
Over recent years several methods have been developed for studying the protein thiol status of the cell. These methods typically involve differential labeling of protein thiols and disulfides, followed by chromatographic or electrophoretic separation of cellular proteins. Finally, cysteine containing proteins are identified by mass spectrometry and in some cases information of the thiol-disulfide status of peptides are also determined (5, 6) . Some studies have thus quantified changes in the ratio of reduced to oxidized thiols in specific proteins (6) (7) (8) (9) (10) . Although these studies have supplied pieces to the puzzle, the global picture of the distribution between reduced and oxidized thiols in proteins have not been determined. Furthermore, the relative abundance of GSH and PSH, and the total amount of PSSG, under normal conditions is unknown. To fill these gaps, we have developed a new methodology for the quantitative determination of the absolute thiol and disulfide levels in all proteins, including membrane proteins, in cultured mammalian cells. These data are combined with quantifications of GSH and GSSG in the same cells. Furthermore, by exposing cells to the thiol-specific oxidant diamide and quantifying the redistribution of the thiol and disulfide pools we show that PSH constitutes a pool of active reducing equivalents that is larger than that of GSH.
Results
Experimental Approach. The experimental strategy for quantification of cellular redox species is illustrated in Fig. 1A . A crucial point, when working with redox biology, is to avoid oxidation and thioldisulfide exchange during sample preparation. The combined acidifying and denaturing effects of trichloroacetic acid (TCA) makes it an ideal choice for quenching redox reactions in cell extracts. Furthermore, addition of TCA to 10% results in protein precipitation, whereas low-molecular-mass metabolites stay soluble.
To selectively quantify the different protein sulfhydryl species TCA pellets are divided into fractions and solubilized by sonicating in buffers appropriate for thiol and disulfide quantifications. Importantly, this procedure renders even thiols that are buried in the native protein structures accessible to the thiol detection agent.
Thiol detection reactions are generally dependent on the deprotonated thiolate anion, and because pK a values of SH groups are typically Ϸ8-9, a pH of at least 7 is usually required for these reactions to occur. At this pH, however, unwanted spontaneous redox reactions, such as oxidation, take place on the microsecond time scale (11) . To circumvent this potential problem we have quantified protein sulfhydryl equivalents by use of the thiol specific reagent 4-dithiodipyridine (4-DPS), which reacts with thiols to form stoichiometric amounts of the chromogenic compound 4-thiopyridone (4-TP), absorbing at 324 nm (Fig. 1B) . In this context, the primary virtue of 4-DPS is its reactivity at low pH where thioldisulfide reactions do not normally occur (12) .
Although detection of thiols is fairly straightforward, accurate quantification of disulfides is more complicated as it requires alkylation of free thiols followed by reduction of disulfides and their subsequent quantification. However, reagents for disulfide reduction, thiol alkylation, and thiol quantification are frequently found to cross-react. Disulfide levels can, for example, be underestimated if left-over alkylating agent cross-reacts with newly reduced thiols. In contrast, overestimation of disulfide amounts can occur, if the reducing agent cross-reacts with the quantification reagent.
To selectively quantify disulfides involving proteins (PS ox ), we alkylated with N-ethylmaleimide (NEM) followed by reduction with sodium borohydride (BH) (Fig. 1) . The main benefits of this strategy are that BH inactivates NEM (13) so alkylation of the newly reduced thiol groups is avoided. In addition, excess BH is easily removed by the addition of acid and cross-reactivity with 4-DPS is eliminated. By use of this strategy thiol alkylation, disulfide reduction and quantification can be performed in the same test tube.
Finally, PSSG was quantified by reduction of disulfide bonds with tris(hydroxypropyl)phosphine (THP) and fluorescent labeling of sulfhydryl compounds with 7-fluorobenzo-2-oxa-1,3-diazole-4-sulfonate (SBD-F; (14) ) by incubating at pH 8.5 at 60°C for 1 h (Fig.  1C) . By applying HPLC with fluorescence detection the SBD-GS derivative can be selectively determined. The method exploits that phosphines do not cross-react with SBD-F, and reduction and derivatization can take place in the same test tube (15) . This means that the rather harsh reaction conditions do not cause artificial thiol oxidation, because reducing agent is present during the derivatization.
In addition to sulfhydryl quantification, the total protein content in the pellet fractions were determined (Fig. 1 A) and used as a common denominator to compare the individual samples. This is a crucial step as it eliminates any bias from a possible uneven division of the TCA pellet into fractions. In addition, it enables us to compare samples obtained under different growth conditions or from different cell types.
We found that no standard method was reliable for quantitative determination of protein content of crude TCA pellets containing total protein (soluble and integral membrane). The problem was circumvented by hydrolysis of proteins in hydrochloric acid, followed by amino acid determination using ninhydrin. This constitutes a highly reproducible and sensitive method (Fig. S1) , and, with a proper standard, it yields numbers that can be calibrated to ''amino acids in protein.'' The potential interference of primary amines released from polynucleotides in the TCA pellet is likely to be insignificant compared with the amino acids in protein, thus, all following data will be shown as sulfhydryl per amino acid (SH/aa).
Total Cellular Protein Thiols and Disulfides. By summation of the SH/aa values of PSH and PS ox the value of total PS/aa was calculated, and to verify the method, this value was also determined experimentally (P3) (Fig. 1B) . As shown in Fig. 2A , for HEK293 cells, there is excellent agreement between the experimentally determined value (Total PS exp ) and the calculated value. As an additional control, PS ox and Total PS exp samples were spiked with similar levels of purified lysozyme, and a full recovery of protein sulfhydryls was obtained (Fig. 2B) .
The assay was performed on HEK and HeLa cells as shown in To avoid contribution of protein disulfides from serum in the growth medium, cells were trypsinized and washed in PBS before addition of TCA to 10%. After centrifugation, the supernatant contains low-molecular-weight thiol species, and proteins are pelleted. The supernatant is divided in two for the quantification of total (S1) and oxidized (S2) glutathione. The TCA pellet is divided into 4 samples, used for quantification of the following redox species: PSH (P1); PS ox ϭ PSSP ϩ PSSG (P2), Total PS (P3), and PSSG (P4). In addition to redox species, the total protein content in each pellet is quantified and used as a common denominator for the individual samples. SQ, sulfhydryl quantification; PQ, protein quantification. (B) Quantification of protein thiols and disulfides. Pellets were solubilized by sonication in 5% SDS buffers appropriate for either thiol or disulfide quantification. PSH was quantified from P1 by use of 4-DPS, essentially as described in ref. 12 . PS ox was quantified from P2 by first alkylating PSH with NEM followed by disulfide reduction with BH. Before thiol quantification with 4-DPS, BH was destroyed by addition of acid. As a control, Total PS was experimentally measured by solubilizing P3 in SDS without NEM and subjecting the sample to BH reduction and 4-DPS quantification, as described above. (C) Quantification of PSSG. Glutathione bound to protein (P4) was modified by reaction with the fluorogenic thiol label SBD-F under reducing conditions. The SBD-GS derivative was subsequently detected by HPLC as described in SI Text. This method quantitatively detected GSSG exogenously added to P4 samples, confirming the reliability of the method. relative to total PS in HEK and HeLa to (5.9 Ϯ 0.3)% and (9.6 Ϯ 0.6)%, respectively. However, the method cannot distinguish intraand intermolecular disulfide bonds and glutathione bound to protein is included in these numbers. Consequently the next step was to selectively quantify mixed disulfides between protein and low-molecular-weight compounds, such as glutathione.
Analysis of Low-Molecular-Weight Thiols in HEK and HeLa Cells.
Before quantification of soluble or protein-bound low-molecularweight sulfhydryls we decided to determine the relative amount of the different thiol species inside the cells. This was done by fluorescent labeling of sulfhydryl compounds with SBD-F followed by HPLC separation. Fig. 4A shows a chromatogram of SBDderivatives of the typical thiol compounds, likely to be found in cells. However, as shown in Fig. 4B , glutathione was by far the most abundant species in the TCA supernatants. Only very small peaks from cysteine and cysteinylglycine (Cys-Gly) were observed in HEK cells, and similar results were obtained for HeLa cells (data not shown).
Global PSSG Levels Are Extremely Low. As glutathione constitutes the majority of the soluble sulfhydryl pool, we anticipated that it would also be the most common low-molecular-weight thiol bound to protein. Indeed, the only peak observed in the HPLC chromatogram from HEK and HeLa, after protein disulfide reduction and SBD-F thiol labeling (Fig. 1C) , was the SBD-GS derivative. By relating this peak area to a glutathione standard curve (Fig. S2 ) the level of PSSG could be quantified.
The absolute values of protein cysteine equivalents involved in glutathionylation in HEK and HeLa cells are shown in Fig. 3C . By comparing with the numbers given in Fig. 3A , we could conclude that the level of PSSG is very low in both cell types, with values of a factor of 1,000 below the value of total PS. Furthermore, PSSG contributed only with Ͻ1% to the PS ox value.
It was now possible to calculate the absolute value of PSSP by subtracting the PSSG value from the PS ox value. The relative distributions of the different protein sulfhydryl equivalents are given in Table 1 , and the absolute SH/aa-values are shown in Table S1 .
Quantification of Glutathione. To fully describe the cellular thiol/ disulfide state, we quantified the low-molecular-weight thiol pool in the same cell samples as the protein quantifications were performed with. Because glutathione was by far the most abundant lowmolecular-weight sulfhydryl species in these cells, we decided to limit the analysis to the quantification of GSH and GSSG. The SBD-F assay was not reliable for determination of GSH/GSSG ratios, thus we applied an assay based on reduction of disulfides with tris(2-carboxyethyl)phosphine (TCEP), followed by fluorescent labeling of thiols with N-(1-pyrenyl)maleimide (NPM).
The majority of soluble glutathione equivalents were found as GSH (Fig. 3B) . Furthermore, comparison of HEK and HeLa cells revealed that HeLa contain Ϸ30% more total glutathione than HEK. Because we had total protein amino acids as a common denominator we could map the global distribution of GS equivalents in the cells. The relative distribution is shown in Table 2 and the SH/aa values are given in Table S2 . Although HeLa cells in Protein sulfhydryl equivalents were determined as described in Fig. 1B. (B) Total soluble glutathione equivalents (Total GS ϭ GSH ϩ GS in GSSG) and oxidized glutathione equivalents (GS in GSSG) were quantified from the TCA supernatant by use of the NPM-HPLC assay, as described experimental procedures, whereas GSH was quantified by subtracting GS in GSSG from total GS. Error bars for GSH are calculated by using the rules of error propagation (38) . (C) Glutathionylated protein equivalents (Note: in units of SH/aa ϫ 10 Ϫ6 ) were quantified with SBD-F as illustrated in Fig. 1C . HPLC chromatograms of SBD-labeled thiol compounds. Sulfhydryl compounds were labeled with SBD-F as described in experimental procedures. Samples were injected onto a Phenomenex Luna C18 (2) column and eluted isocractically in 75 mM sodium citrate, pH 2.9, 2% methanol. The SBD-derivatized thiols were detected by fluorescence with excitation and emission at 386 and 516 nm, respectively. Cys-Gly, cysteinylglycine; ␥-Glu-Cys ϭ ␥-glutamylcysteine. general contained more glutathione, the relative amount of GSSG was very similar in HEK and HeLa cells. In addition, the fraction of the glutathione in PSSG was Ϸ0.1% for both cell types.
Is the Protein Thiol Pool an Active Redox Buffer in the Cell?
By comparing the PSH and GSH numbers in Fig. 3 it was observed that the PSH pool constituted the majority (up to 70%) of the reduced thiol equivalents within cells (Table 3 ). This observation implied that protein thiols could be important players in cellular redox homeostasis. However, it would require that a considerable fraction of PSH was accessible on the surface of protein.
To investigate this we exposed cells to a sublethal dose of oxidant and quantified the redistribution of thiol and disulfide pools. We selected diamide (16) as oxidant, because it, in contrast to H 2 O 2 , reacts specifically with thiols and is not readily metabolized in the cell. Thus, trypsinized HEK and HeLa cells were exposed to 5 mM diamide for 5 min before quenching with 10% TCA. This concentration was chosen to produce a noticeable response in the cellular redox status without killing the cells (Table S3) . The diamide exposure resulted in dramatic changes in the global distribution of reduced and oxidized sulfhydryl pools, where more than half of the total reduced thiol pool (PSH ϩ GSH) became oxidized in HEK and HeLa cells (Fig. 5A and Fig. S3 ). The most dramatic effects were seen in the levels of PSSG that had increased by a factor of Ϸ300 in both cell types (Tables 1 and 2 ). For HEK cells this meant that Ϸ1/3 of the total glutathione pool was bound to protein, corresponding to glutathionylation of 15% of the total protein sulfhydryl pool. It should be noted that there was no significant difference between the total amount of glutathione equivalents before and after diamide treatment (Fig. S4) .
Compared with the increase in glutathionylation, the increases of GSSG and PSSP pools in HEK cells, by factors of 6 and 3.5, respectively, were more modest. Similar results were obtained in HeLa cells (Tables 1 and 2 ).
The major increase in PSSG implied that the cellular PSH pool was active as a redox buffer during diamide oxidation. The diamide exposure resulted in oxidation of 43% and 56% of the PSH equivalents in HEK and HeLa cells, respectively (calculations are shown in SI Text). From this result we conclude that approximately half of all PSH equivalents are accessible to diamide oxidation and are not buried by the protein structure. We found no other lowmolecular-weight thiols, like cysteine, to sequester a significant number of oxidizing equivalents under diamide stress (data not shown).
To address the specific contribution of GSH vs. PSH pools in consuming diamide oxidation we calculated how the oxidizing equivalents were distributed among GSH and PSH (Fig. 5B) . Indeed, both in HEK and HeLa cells the PSH pool consumed Ͼ50% of the diamide-induced oxidation, indicating directly that the protein thiol pool is an active player in the antioxidant defense system of the cell.
Recovery from Diamide Stress Is Fast. As the exposure to diamide was not lethal (cells were alive and dividing 48 h after exposure, Table  S3 ) we wished to gauge the recovery from the diamide oxidation directly on the thiol-disulfide level. As shown in Fig. 6 , the kinetics for the decrease in PSSG and the increase in PSH were very similar. Furthermore, the PSH recovery was nearly completed 20 min after removal of diamide. The PSH recovery in HeLa was monitored as well, and here a full recovery of PSH was observed after 30 min. To make sure the PBS incubation, as such, did not affect the protein redox state, the experiment was also performed without diamide. Here, PSH and PSSG levels remained stable throughout the experiment over a 1-h period (data not shown).
Discussion
Global Cellular Inventory of Thiols and Disulfides. The fact that cysteine residues in proteins are found either as thiols or parts of disulfide bonds has long been text-book knowledge. Similarly, it is generally accepted that glutathione to a large degree functions as ''the cellular thiol-disulfide redox buffer.'' It is therefore surprising that the relative amounts of these species have remained obscure and that the potential involvement of protein thiols in redox homeostasis has never been addressed. In this study, we have accurately mapped the distribution of oxidized and reduced thiol pools in glutathione and in proteins. We have focused on obtaining a complete picture of the cellular content so that all protein thiols/ disulfides were detected, both in soluble and membrane proteins.
We have determined absolute numbers of total PS equivalents per amino acid (Fig. 3A) and conclude that the frequency of the cysteine residue in proteins is 2.4% and 2.7% for HEK and HeLa, respectively. This is in excellent agreement with studies made on single-residue compositions of proteomes where an average cysteine frequency of Ϸ2% has been calculated for eukaryotes (17) . It has been shown that the majority of the cellular protein sulfhydryl equivalents are found in the reduced form (6, 7, 9) . In this study, we have established that PSSP constitute 6% and 9.6% of the total protein cysteine equivalents in HEK and HeLa cells, respectively ( Table 1 ). The higher levels of PSSP in HeLa cells could imply higher expression levels of disulfide containing proteins compared with HEK cells.
In terms of distribution of glutathione equivalents there were no significant differences between HEK and HeLa cells with GSSG levels constituting Ϸ4.5% of the total GS equivalents (Table 2) . However, the absolute levels of glutathione were Ϸ30% higher in HeLa cells than in HEK cells (Fig. 3B) . A higher oxidative load on HeLa cells could lead to an up-regulation of glutathione synthesis, because glutathione have been suggested to function as an antioxidant in the ER, consuming excess oxidizing equivalents followed by export of GSSG (18) .
By using a genetically encoded glutathione-specific redox probe the concentrations of GSH and GSSG in the yeast cytosol have been estimated to be 13 mM and 4 M, respectively (3). The cytosolic glutathione environment has been suggested to be even more reducing in HeLa cells (R.E.H. and J.R.W., unpublished data, and ref. 19) . If the GSH concentrations are assumed to be approximately the same as in yeast, a cytosolic GSSG concentration of 0.2 M in HeLa cells, corresponding to a GSH/GSSG ratio of 65,000, can be calculated. This suggests that the vast majority of the total GSSG is found in secretory compartments and possibly in the mitochondrial intermembrane space.
Protein Glutathionylation in Nonstressed Cultured Cells. The cellular levels and physiological role of protein glutathionylation is a matter of some controversy. Although the suggested mechanisms of PSSG formation under physiological conditions are many (20) , thioldisulfide exchange could seem as a likely mechanism (Eqs. 1 and 2).
The equilibrium constant, K, of this reaction is typically close to 1 (21, 22) and in combination with the reducing environment of the cytosol, steady-state levels of PSSG is expected to be extremely low with a ratio of PSSG/PSH of 1.5 ϫ 10 Ϫ5 . This implies that the vast majority of PSSG should be found in secretory compartments. Previous methods for detection of PSSG require manipulation of the cell system by either preventing protein synthesis (23) (24) (25) (26) or by loading cells with biotin-labeled glutathione (27, 28) , which could affect the steady-state levels of PSSG. We have quantified the absolute basal levels of glutathionylation directly in acid quenched cells. This direct method has shown the global level of PSSG to be extremely low in both HEK and HeLa cells, consistent with results where basal levels of PSSG in platelets were undetectable by immunoblotting (29) . However, in liver microsomes Ͼ50% of the glutathione equivalents in ER were found to be bound to protein (30) . Although we cannot directly determine subcellular distributions of PSSG equivalents, we can estimate the maximal fraction of PSSG in the ER, assuming that all PSSG equivalents are found in the ER, and that the concentration of GS equivalents is the same in all compartments. If we further conservatively assume that the ER constitutes Ͻ5% of the total cell volume (31, 32) we can calculate that maximum 2% (0.1% PSSG in 5% of the cell volume) of the GS equivalents in ER are found as PSSG. Thus, we cannot confirm the previously estimated numbers of PSSG in ER. In addition, our results are consistent with the recent suggestion that extensive oxidation of glutathione takes place during isolation of microsomes (33) .
Protein Thiols Constitute a Redox-Active Pool That Is Similar in Size to
the Glutathione Pool. We observe that protein thiols constitute a redox active pool in living cells that is just as important as glutathione. A sublethal diamide exposure resulted in 50% oxidation of the total cellular SH groups and we could calculate that PSH consumed more than half of the oxidizing equivalents (Fig. 5C ). It should be noted that the cells are treated under completely native conditions, so little or no protein unfolding is expected to take place. This allows us to conclude that close to half of the PSH equivalents, rather than being sequestered in the cores of proteins, is accessible to either glutathionylation or formation of intra-or interprotein disulfide formation. Surprisingly, this tendency is most pronounced in HeLa cells, which has a larger pool of GSH relative to PSH than HEK cells (Table 3 ). This suggests that the diamideaccessible PSH pool is larger in HeLa cells. Furthermore, the distribution of diamide equivalents in HeLa cells is very similar to the distribution of GSH and PSH in the total pool of reduced thiol equivalents in unstressed cells (Table 3) . Thus, contrary to previous suggestions (16) diamide oxidation in the cell appears not to have any special preference of the GSH pool over the redox-active PSH pool.
Protein thiols have been proposed to serve as cellular antioxidants (34) because of the presence of abundant cellular proteins whose activity is not affected by glutathionylation. Likewise, hemoglobin has been shown to be a cellular antioxidant in erythrocytes, where the highly reactive thiol groups of this extremely abundant protein have been shown to intercept oxidative species more effectively than glutathione (35) . Because the cellular concentration of different proteins may vary quite dramatically this could reflect properties of a subset highly abundant proteins such as cytoskeletal proteins, which have been shown to be glutathionylated during diamide stress (36, 37) .
Previous studies have assayed recovery from oxidant exposure by measuring the decrease in PSSG (23, 24) . However, a decrease can be caused by either a reduction of the PSSG disulfide or a degradation of glutathionylated proteins. Furthermore, such a strategy cannot provide information about recovery of thiols oxidized to PSSP. Consequently, we decided to monitor diamide recovery by quantifying the increase in PSH, and the decrease in PSSG.
The kinetics for protein deglutathionylation upon removal of diamide correlates very well with previous observations (23, 24) . That the kinetics for the increase in PSH and the decrease in PSSG are identical (Fig. 6) suggests that oxidation most likely does not lead to massive protein degradation and further supports the notion that the protein thiols are redox active in their native state.
In HEK cells, the majority of GSH was oxidized by diamide. We did attempt to measure GSH recovery by following the decrease in GSSG but basal levels were reached within 5 min, which was the first possible obtainable data point (data not shown). This suggests that the soluble glutathione pool is reduced extremely rapidly.
Together, these data illustrates that protein thiols are directly involved in the cellular defense mechanism against oxidants, which seems to contribute to a remarkable ability to recover from thiol-disulfide stress.
Experimental Procedures
For a detailed description of the materials and methods, see SI Text.
Cell Culture, Diamide Exposure, and Sample Preparation. Cell culturing and diamide exposure is described in detail in SI Text. Cells from a 95% confluent 10-cm dish were harvested by trypsinization, washed in PBS, and directly quenched by addition of 10% TCA. GS equivalents were quantified from the supernatant and PS equivalents were quantified from the pellet. To eliminate traces of soluble thiols the TCA pellets were washed in 10% TCA by 4 rounds of sonication followed by centrifugation.
Quantification of Glutathione. Total GS were quantified by reducing disulfides with TCEP followed by thiol derivatization with NPM. For quantification of GSSG, free thiols were first blocked by NEM followed by TCEP reduction and NPM derivatization. GSH equivalents were calculated by subtracting GS in GSSG from total GS. Materials and methods are described in detail in ref. 3 and SI Text. For diamide experiments the TCA precipitation left excess diamide in the supernatant. Because diamide is stable in TCA it can react with GSH when pH was increased to 7. Thus, to avoid postlysis diamide oxidation, NEM is required to alkylate thiols faster than diamide can oxidize them. We tested this by comparing the GSSG content in samples containing equivalent amounts of GSH and GSSG in 10% TCA with or without diamide. In samples containing diamide, the GSSG content was overestimated by a factor of 1.2 Ϯ 0.3 (data not shown). Consequently, the cellular GSSG measurements were corrected for this.
Protein Sulfhydryl Quantifications. Quantification of PSH, PS ox, and Total PS was performed with 4-DPS and BH using a modification of the HPLC method described by Hansen, et al. (12) , optimized for cell extracts. PSH was quantified by directly solubilizing P1 (Fig. 1 A) in 0.4 M sodium citrate, 1 mM EDTA, 5% SDS, pH 4.5 and addition of 4-DPS to a final concentration of 0.5 mM followed by HPLC analysis. For quantification of PS ox, P2 was solubilized in 0.5 M Tris⅐HCl, 1 mM EDTA, 5% SDS, 20 mM NEM, pH 8.3, and thiol alkylation was allowed to proceed for 15 min at 50°C. Protein disulfides were reduced by the addition of BH to a final concentration of 3.3% (wt/vol) and incubated at 50°C for 30 min. Before quantification with 4-DPS, BH was destroyed by the addition of HCl.
Quantification of PSSG. Quantification of PSSG was performed by solubilizing P4 in 200 mM Bicine, 8 mM EDTA, 6 M urea, pH 9.16. Protein thiols were reduced with 2.1 mM THP and thiols were derivatized with 6.4 mM SBD-F by incubating 1 h at 60°C. Selective quantification of GS-SBD was performed with HPLC analysis as illustrated in Fig. S2 and described in detail in SI Text. Urea was chosen as protein denaturant as it, in contrast to SDS, did not interfere with thiol peaks in the HPLC chromatogram (Fig. S2) . In addition, low-molecular-weight thiols in the TCA supernatant were identified with SBD-F as described in SI Text.
Quantification of Total Protein. The quantification of total protein in TCA pellets was performed by HCl hydrolysis of proteins followed by quantification of amino acids with ninhydrin, which reacts with primary amino groups to form a blue color absorbing at 570 nm. Details of assay conditions and preparation of ninhydrin reagent are described in SI Text. Data Presentation. All data shown are the mean Ϯ SD (standard deviation of the mean) of 4 -6 independent experiments, each performed in triplicate. When combining of uncertainties was necessary the rules of error propagation were used according to ref. 38 .
